Higgs boson coupling sensitivity at the LHC using H — )■ tt decays 
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We investigate the potential for measuring the relative couplings of a low-mass Higgs boson at 
the Large Hadron Collider using WH, ZH, and tiH production, where the Higgs boson decays 
to tau-lepton pairs. With 100 fb _1 of yfs = 14 TeV pp collision data we find that these modes 
can improve sensitivity to coupling-ratio measurements of a Higgs boson with a mass of about 125 
GeV/c 2 . 



I. INTRODUCTION 

The recent discovery [l| of a resonance with a mass 
of about 125 GeV [2J in pp collisions at the Large 
Hadron Collider (LHC) could well correspond to the 
long-awaited observation of the Higgs boson of the 
standard model (SM). If so, it would herald another 
remarkable success of the SM, which predicted the 
existence of a Higgs boson with a mass less than 152 
GeV at 95% confidence level (C.L.) Q based on pre- 
cision measurements of electroweak parameters such 
as the masses of the W [3 and Z [| bosons, and of 
the top quark Q- 

While the observed properties of the new resonance 
are consistent with those of the SM Higgs boson, fur- 
ther measurements are required to determine if it 
has one of the key properties predicted by the SM: 
couplings to fermions that are proportional to their 
masses. Fortunately, a Higgs boson with a mass of 
125 GeV provides a wealth of decay modes in which 
to study its couplings. In addition to the sublead- 
ing decays that dominate the sensitivity of the initial 
observation (H -> 77, H -> ZZ, and H -t WW), 
the leading decays H — > bb and H — > tt can be ob- 
served in various production processes (§-Hl|. As a 
result, a wide variety of Higgs boson cross section 
measurements will provide incisive tests of specific 
SM couplings [11, G3]. 

The prospects for Higgs boson discovery and mea- 
surement have been studied extensively however, 
low-rate processes observable with the full LHC de- 
sign luminosity have not been completely explored. 
We investigate the sensitivity of 100 fb -1 of yfs = 14 
TeV LHC data to the Higgs boson production pro- 
cesses WH, ZH, and tiH, followed by H — > tt and 
at least one W — > lu or Z — ?> II decay [15j. The po- 
tential measurement sensitivity to the WH process 
has been considered only perfunctorily (l6| . though 
the CMS experiment has recently performed the first 
WH search in the H — > tt decay channel at the LHC 
17i]. Studies of tiH production have been performed 
in various top-quark and tau-lepton decay channels 



[H, [HI; we revisit ti + H(—> tt) production in light 
of the demonstrated performance of the ATLAS and 
CMS experiments in separating hadronic tau decays 
from the large hadronic jet background in data |20| . 
Combining the prospects for measurements of associ- 
ated Higgs boson production in the tt decay channel 
with those in the bb decay channel [8MTo| improves the 
expected LHC sensitivity to the Yukawa coupling ra- 
tio gHbb/gHrT- This ratio is determined at tree level 
by the bottom-quark and tau-lepton masses and is 
thus sensitive to differences in the source of mass 
for quarks and leptons 21|. The ratios of associated 



Higgs production measurements also directly provide 
the coupling ratios gmt/gHWW and gnww/gHZZ- 

This paper is structured as follows: Section |H] out- 
lines the procedures for generating, simulating and 
selecting Higgs boson and background events; Sec- 
tion |HT] describes the specific selection and expected 
signal and background yields for the WH, ZH, and 
tiH processes; Section HVl presents the results of the 
fit to cross section in each channel and the uncertain- 
ties on partial-width ratios; and Section [V] summa- 
rizes our conclusions. 



II. SIGNAL AND BACKGROUND 
SIMULATION 

We simulate all signal and background processes 
using the SHERPA [22| event generator, except for 
W + 6 jets, which is simulated using ALPGEN [23| for 
the hard process and PYTHIA [24j for the hadroniza- 
tion and showering. The W + 6 jets and ti + 2 jets 
cross sections are obtained from ALPGEN; all other 
processes are normalized to cross sections calculated 
at next-to- leading order in a s . Detector resolutions 
and efficiencies are modelled using the delphes sim- 
ulation [25ll with corrections based predominantly on 
ATLAS [26| performance projections; similar per- 
formance is expected with the CMS [27j detector. 
Events are selected using the reconstructed DELPHES 
objects. 
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A. Event generation and cross sections 



Detector simulation 



We use CTEQ6M parton distribution functions 
[2H ] for cross section calculations. Samples are gen- 
erated with quark and gluon jets included to leading 
order at the matrix-element level, and additional jets 
modelled by parton showering. Tau leptons are de- 
cayed within SHERPA. 

The cross sections and branching ratios for the 
Higgs boson production and decay processes are 
shown in TableQ] We study Higgs boson masses (m#) 
in the 115-135 GeV range to investigate the depen- 
dence of the expected sensitivity on m#. Cross sec- 
tions for W/Z + H production are calculated with 
V2HV [29| and include QCD corrections at NLO. The 
next-to-next-to-lcading order (NNLO) QCD [30] and 
NLO electroweak [3l| corrections are < 5% relative 
to the v2hv calculation. Cross sections for tiH pro- 
duction include QCD corrections at NLO [32|]. The 
uncertainties on all signal cross sections are 0(10%), 
while those on the branching ratios determined from 
hdecay [13 are 0(1%). 

The dominant backgrounds to the W/Z + H pro- 
cesses are the production of dibosons, where the 
bosons decay leptonically, and W/Z + hadronic 
jet(s), ti, and tW, where at least one jet is 
(mis) reconstructed as a lepton. Background produc- 
tion cross sections are obtained from MCFM [34[ and, 
for ti, an NLO plus NLL calculation [35| . For the 
W/Z + jets backgrounds, we calculate cross sections 
requiring the boson mass to be between 20 and 200 
GeV, the jets to have pt > 15 GeV and |?7| < 3.5, 
and, when there are two or more jets, rrijj > 20 GeV. 
The cross sections multiplied by SM branching ratios 
[3l| are shown in Table HT1 



The tiH process, with H — s- rr, has relatively 
little background. The irreducible background tiZ 
has a cross section [53] that is lower than the sig- 
nal process. The background where hadronic jets are 
(mis)reconstructed as leptons results predominantly 
from ti production in association with 2 or 3 jets. We 
estimate this background using a leading-order cross 
section calculated with ALPGEN [23| . The calculation 
requires jets with px > 15 GeV and |?/| < 3.5, and 
AR > 0.7 between jets. The potential background 
of W + 6 jets production is studied using an ALPGEN 
cross section with the above jet requirements and the 
W boson mass between 50 and 120 GeV. We find it 
to be negligible. 



We model detector acceptance and response us- 
ing the DELPHES simulation program [25|. The de- 
tector consists of a charged particle tracker covering 
1 77 1 < 2.5 surrounded by a calorimeter with cover- 
age to \rj\ = 4.9. The calorimeter has a granularity 
of A77 x Acf) — 0.1 x 0.1 and is divided into central 
(\rj\ < 1.7), forward (1.7 < \rj\ < 3.2), and end- 
cap (3.2 < \r)\ < 4.9) regions with separate resolu- 
tions. Additional segmentation into electromagnetic 
(EM) and hadronic (Had) calorimeters provides im- 
proved resolution for electrons and photons relative 
to hadrons. 

Detector resolutions are modelled by smearing the 
reconstructed momentum with a Gaussian resolution. 
Muon resolution is parameterized as <j(pt)/pt = 
1%, which is the approximate expected resolution of 
muons from weak boson decays [38| • Calorimeter res- 
olutions are parameterized as 



<J_e_ 

E 



S 

7e 



N 



where E is expressed in units of GeV. In the cen- 
tral and forward EM calorimeters the only non- 
negligible term applied is a sampling term S of about 
10%%/GeV. The resolution of the hadronic calorime- 
ters is also dominated by the sampling term, which 
ranges from about 50% in the central region to sa 95% 
in the endcap region. The constant terms C provide 
small additional contributions of about 3% and 7.5% 
in the central and endcap regions respectively. The 
sampling and constant terms in the forward region 
are roughly in the middle of the corresponding cen- 
tral and endcap terms. The noise term (N/E) is neg- 
ligible for the final states we consider. 

The detector acceptance for electrons, taus, and 
charged-particle tracks is assumed to be |7j| < 2.5. 
Muon coverage is assumed to extend to \r)\ < 2.7. 
Because of the potential challenges in reconstruct- 
ing jets in the forward region at high luminosity, we 
conservatively assume a jet acceptance of \rj\ < 3.5. 
Jets are reconstructed with the anti-fct algorithm [39| 
with cone radius 0.4 and, if |7j| < 2.5, are identified as 
originating from either a b quark or a lighter quark or 
gluon. Hadronic tau decays are identified as jets with 
> 90% of their energy within a cone of AR < 0.15 
and only one reconstructed track with px > 2 GeV 
and AR < 0.4 from the jet axis. Electrons and muons 
are identified if no additional track with pt > 2 GeV 
lies within a cone of AR < 0.2 from the e or /.i. Fi- 
nally, the pt imbalance in the event (j/ T ) is derived 
by summing over the momentum of each calorimeter 
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m H (GeV) 


a(pp -> WH) 


a(pp -» ZH) 


a(pp -J- ttH) BR(H -> tt) 


115 


1.98 pb 


1.05 pb 


0.785 pb 


0.0739 


120 


1.74 pb 


0.922 pb 


0.694 pb 


0.0689 


125 


1.53 pb 


0.813 pb 


0.623 pb 


0.0620 


130 


1.35 pb 


0.718 pb 


0.559 pb 


0.0537 


135 


1.19 pb 


0.638 pb 


0.501 pb 


0.0444 


boson production cross sections [29l. |32T| 


and branching 


; ratios [33J as 



Production process 



Cross section x BR 



W(- 



lv)Z I II) 
-> ll)Z/j*(-t tt) 



52.4 pb x 3.27% 
17.7 pb x 0.340% 



= 1.56 pb 
= 60.2 fb 



W(-> 


Iv) + 2 jets 


26772 pb x 32.4% 


= 8674 pb 


Z/ 7 '( 


->• 11) + 1 jet 


24466 pb x 10.1% 


= 2471 pb 


z/ 7 *(- 


->//) + 2 jets 


9018 pb x 10.1% 


= 911 pb 




li>) + 6 jets 


23.5 pb x 32.4% = 


= 7.61 pb 



tt(-» Ivlvbb) 
tt(— > Ivqqbb) + 2 jets 
Ivlvbb) + 2 jets 
tW(-» Zz/Mz/) 
«(-)■ Ivqqbb) Z/^*(-^ 11) 



933 pb x 10.5% 
255 pb x 43.8% 
255 pb x 10.5% 
61.8 pb x 10.5% 
973 fb x 4.34% 



= 97.9 pb 
= 112 pb 
= 26.8 pb 
= 6.49 pb 
= 42.2 fb 



TABLE II: Background production cross sections ob- 
tained from ALPGEN [13] (W + 6 jets and tt + 2 jets), 
an NLO plus NLL calculation (tt ;3j|), and mcfm [34[ 
(the remaining processes), multiplied by SM branching 
ratios 36 . In this table I represents e,/i or r. 



tower and muon. Muons deposit no energy in the 
calorimeter in delphes. 

Efficiencies are applied to leptons according to the 
expected ATLAS performance [26| or, for t identifi- 
cation, the ATLAS detector performance from 2011 
data [20| (Table IIIip . Trigger efficiencies are based 
on a trigger requiring a single electron or muon with 
Pt > 25 GeV. While actual thresholds may be higher, 
the presence of multiple leptons should allow a set 
of triggers with a similar combined efficiency. Rates 
for hadronic jets to be misidentified as leptons are 
also based on expected ATLAS performance and are 
shown in Table IIIII Since we always consider elec- 
trons and muons together, the averages of e and /i ef- 
ficiencies and misidentification rates are the relevant 
quantities (rather than the individual rates). 

The jf T resolution is expected to degrade from ad- 
ditional interactions present at the design luminosity 
of C = 10~ 34 cm~ 2 s _1 . At this luminosity and 25 ns 
bunch spacing, one can expect f=a 25 interactions per 
crossing. Each interaction will deposit Yl Et ~ 30 



Object Efficiency (%) Misidentification rate (%) 
Trigger Identification 



e/fj, 

Th 



87 



79 
30 



0.085 
1.0 



GeV in the calorimeter, and the $ T resolution is ex- 



TABLE III: Lepton trigger and identification efficiencies, 
and rates for hadronic jets to be misidentified as leptons. 
Efficiencies and misidentification rates are applied to ob- 
jects at the generator level. 



pected to be ps Et [Hj]. To account for the 

degradation in rf T resolution from the additional in- 
teractions, we add a Gaussian resolution with a = 15 
GeV to the projections $4 and jl y . 

The performance of t>, identification at ^fs = 14 
TeV in the presence of 25 additional interactions 
is difficult to predict. In addition to our nominal 
efficiency of 30%, we study an optimistic scenario 
where the efficiency is increased to 40% for the same 
misidentification rate. The two scenarios give an in- 
dication of the effect of the performance of tau iden- 
tification on the results. 



III. EVENT SELECTION 

Each of the three production channels (WH, ZH 
and ttH ) is subdivided according to the decay of the 
tau leptons originating from the Higgs boson. The 
general strategy is to define a simple cut-based se- 
lection for each decay channel and then to perform 
a one-dimensional likelihood fit to a mass-based dis- 
tribution. The simple selection limits the number of 
assumptions on the detector performance; the key as- 
sumptions are relatively low jet-to- Th misreconstruc- 
tion rates and reasonable p T resolution. The fit re- 
duces the effect of normalization uncertainties on the 
background. We assume that the dominant uncer- 
tainties will result from extrapolations of control re- 
gions in data, and will not significantly affect the sen- 
sitivity. 
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A. WH selection 

Considering only the leptonic IF-boson decays, the 
WH final state contains one lepton, jf T from the neu- 
trino, and two tau leptons from the Higgs boson 
decay. Events where at least two t leptons decay 
hadronically are not included in this study because 
the ss 1% jet-to-r/j misidentification rate leads to 
overwhelming background from W + jets production. 
Events where all tau leptons decay leptonically are 
also not included because the relatively low branching 
ratio results in marginal sensitivity in the correspond- 
ing final state; adding it to the final state with one Th 
would reduce the uncertainty on the WH cross sec- 
tion by « 20%. We study the final state lwTiTh$ T , 
where lw is an e or (i assumed to come from a W- 
boson decay and t\ is an e or /k assumed to come from 
a tau- lepton decay. We define lw by p 1 ^ > p^\ in 
more than 80% of signal events the lepton from the 
W boson decay has higher px than that from the tau 
lepton decay. 

There are several background contributions to the 
lw T iThp'T nna l state. Production of W and Z bosons 
in association with hadronic jets, as well as tt and 
tW decays, contribute when at least one hadronic 
jet is misreconstructed as a lepton. We model these 
backgrounds by applying the hadronic misidentifica- 
tion rates listed in Table UTTl to all jets in the events. 
Production of WZ background and WH signal are 
modelled using MC acceptances, with corrections for 
trigger and identification efficiencies (Table llllj) . 

The presence of neutrinos from the T-lepton and 
TV-boson decays prevents a full reconstruction of the 
Higgs boson mass. However, the "visible mass," de- 
fined as the invariant mass of the r;r^ pair, is cor- 
related with the Higgs boson mass. We perform a 
likelihood fit to the visible mass distribution to ex- 
tract the signal yield. 

Event selection begins with the reconstructed ob- 
jects in the final state. For the signal process, an e 
or /i from the TF-boson decay typically has the high- 
est pt of the three charged leptons, with a pr dis- 
tribution that peaks around 40 GeV. We therefore 
require p l ^f > 25 GeV. The unobserved neutrinos in 
tau-lepton decays reduce the px of the reconstructed 
objects, so a pt threshold of 15 GeV is applied to r; 
and Th- Background from W+ jets is suppressed by 
requiring the charges of the leptons (qi) to sum to ±1. 
Events are required to have no jet with px > 25 GeV 
and < 3.5, reducing both top-quark and W/Z 
+ jet(s) backgrounds. A requirement of $ T > 30 
GeV reduces background from Z+ jet production, 
and an upper bound of p* T < 80 GeV reduces top- 
quark background. 




?T (GeV) 




Visible m„ (GeV) 



FIG. 1: The rf T (top), mr (middle) and m(Thn) distri- 
butions after all Iwtit^ rf T selection requirements, except 
for requirements on the plotted distribution. The selected 
regions are between the arrows in the $ T plot and above 
the arrow in the mr plot. Shown are the WH signal 
(dashed line) and the following backgrounds: top-quark 
(diagonal-hatched region), Z + jet (tilted-hatched re- 
gion), WZ (tilted- lined region), and W + jet (horizontal- 
lined region) production. 
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Selection 


N WH 


N WH 




p l ™ > 25 GeV, Vt' Th > 15 GeV, £ g ; = ±1 and no jet 


233 


171408 


0.6 


30 < j/ T < 80 GeV 


137 


19124 


1.0 


m T > 50 GeV 


103 


1582 


2.6 


No opposite-sign same-flavour Iwti 


92 


1177 


2.7 



TABLE IV: The numbers of WH signal and background events passing each set of requirements, for an integrated 
luminosity of 100 fb _1 and mn = 125 GeV. Also shown is the signal over the square root of background, a measure of 
the statistical sensitivity to the signal. Additional sensitivity is gained from a fit to the visible mass distribution. 



Process Number of events 



lulubb) 


573 


Z/ 7 *(^ M) + ljet 


330 


tW(-t Ivblv) 


112 


W{-^ lv)Z/~/*(-^ tt) 


81 


W{-> If) + 2 jets 


52 


lv)Zh*{-+ eej nil) 


30 


Total 


1177 



TABLE V: The contribution of each background to the 
IwTiTh^T Anal state for an integrated luminosity of 
100 fb _1 . 



(GeV) 


N WH 




115 


122 


3.6 


120 


109 


3.2 


125 


92 


2.7 


130 


70 


2.0 


135 


52 


1.5 



TABLE VI: The number of WH signal events for itih in 
the range 115-135 GeV, and the statistical significance of 
the excess of signal events over background in 100 fb _1 
of integrated luminosity. 



The significant background from Z{— > tt) + jet 
production contributes primarily when the tau lep- 
tons decay leptonically and the jet is misrecon- 
structed as a t%. The tau lepton from the Z bo- 
son decay is highly boosted and its decay prod- 
ucts are nearly collinear. In a class of Z + jet 
events, the reconstructed ^ T is aligned with lw, 
while in signal events the $ T is rarely aligned 
with lw- Defining the transverse mass as mx = 

v /2(p^V T -V l *4 x -Pv w ^ y ), we suppress Z + jet 
events with the requirement m<r > 50 GeV. Addi- 
tional background rejection could be achieved with 
a similar transverse mass requirement on t\ and p T ; 
however, there would be larger reduction in signal 
since there are neutrinos collinear with 77 in signal 



events. 

A final selection requirement of no opposite-charge, 
same-flavor Iwti further reduces background from 
Z + jet production, removing most events with Z 
bosons decaying to e or /i pairs. Decays of Z bosons 
to tau-lepton pairs are also reduced with this re- 
quirement, and could be further reduced by removing 
events with an oppositely charged electron and muon. 
However, the loss of signal from such a requirement 
would be relatively large, and the statistical sensitiv- 
ity would degrade. 

Figure Q] shows the rf T , mj- and m(r/ l r/) distribu- 
tions with all selection requirements applied, except 
those on the plotted quantity. The numbers of sig- 
nal (Nj^ 11 ) and background (N^ H ) events, as well 

as NY H /Jn^" , are given in Table [TV] after each 
selection requirement. The detailed contribution of 
each background and the dependence of the signal 
yield on run are shown after all selection in Tables IVl 
and IVI1 respectively. 

The selection gives modest statistical sensitivity to 
WH production, but the sensitivity is improved with 
a fit to the visible mass distribution. Normalization 
uncertaintes will be mitigated by this fit, though un- 
certainties on the shape of the visible mass distribu- 
tion are also relevant; we assume the systematic un- 
certainties can be sufficiently constrained by study- 
ing independent kinematic regions (for example, the 
high-j/ T region for top production, and the Iow-ttit 
region for Z + jet production). 



B. ZH selection 

In contrast to WH production, ZH — > Utt pro- 
duction is dominated by an irreducible background 
(ZZ), with relatively low signal statistics in 100 fb _1 
of integrated luminosity. Thus, the selection strat- 
egy is to apply few requirements and to combine the 
IzlzThTh and IzlzThJi decay channels, where lz is an 
e or (i. The Iz^zTvTi channel adds only marginal sen- 
sitivity because of the small branching ratio and the 
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increased ZZ background. 

In addition to the irreducible ZZ — > Utt back- 
ground, reducible backgrounds from Z + jets and 
ti — > Ivlvbb contribute when two jets are misrecon- 
structed as hadronic tau(s) and/or light-flavor lep- 
ton(s). These backgrounds are modelled by apply- 
ing the hadronic misidentification rates in Table Mil 
to MC-generated events. Production of ZZ back- 
ground and ZH signal are modelled using trigger- 
and identification-corrected MC acceptances (Ta- 
ble nu. 

The irreducible ZZ background can be separated 
using the invariant mass of the tau-lepton pair. Since 
the tau leptons from the Higgs boson decay are highly 
boosted, their decay products are nearly collinear. 
Assuming collinear tau-lepton decays, the net neu- 
trino momentum from each decay can be resolved. 
The resulting invariant mass of the tau-lepton pair, 
or "collinear mass" , can be expressed in the Ut^ti 
decay channel as m(Th,n)/^/XhXl, where Xh(i) is the 
fraction of tau-lepton energy taken by Th (ti). The 
fractions Xh an d Xi can be solved in terms of mea- 
sured quantities, 

P T x h Py ~ P T y h Px 

"X-h Th Tl i / Tl Th Tl J Tl ' 

Px Py +PxPv -Pi i Px -VyPx 

Pl H Py - Py h Px m 

Px Py +P x Py -Pi I Px ~PyPx h 

For the Ut^t^ channel, t\ is replaced by the other Th- 
We fit the collinear mass distribution to extract the 
ZH signal yield after initial selection requirements. 

The selection requires two opposite-charge same- 
flavor leptons from the Z boson decay. If an event 
has multiple candidate pairs, we define the pair with 
invariant mass closest to mz as the Z boson candi- 
date decay. The highest (lowest) pr lepton from the 
decay is required to havepr > 25 (15) GeV. We then 
require two opposite-charge tau-lepton decay candi- 
dates withp T > 25 GeV (or p T > 15 GeV for tj). Ta- 
ble lVIII shows the numbers of signal (N^ H ) and back- 
ground (N^ H ) events, as well as Nf H /^N^ H , in 
each channel after this initial selection. The collinear 
mass requirement reduces the signal yield by nearly 
30%; recovering these events with an alternative mass 
variable would improve the measurement. 

Figure [2] shows the collinear mass distribution with 
all selection requirements. The detailed contribution 
of each background and the dependence of the signal 
yield on mu are shown after all selection require- 
ments in Tables [Villi and llXl respectively. The rela- 
tively small background and the discrimination given 
by the collinear mass make the ZH channel particu- 
larly promising for measuring Higgs boson decays to 




Collinear mass (GeV) 

FIG. 2: The collinear mass distribution for the ZH sig- 
nal (dashed line), ZZ background (tilted- hatched region), 
and Z + 2 jets background (vertical-lined region). Not 
shown is the negligible ti background. 



tau leptons. 

C. ttH selection 

The cross section for ttH production, with the 
Higgs boson decaying to tau leptons, is relatively 
low. We focus on the decays with the highest branch- 
ing ratios, excluding fully hadronic ti decays because 
of the potentially large multijet background. Thus 
we consider ti — > lyjvqqbb and either H ~ > r^Th or 
H — > TiTh, with l\v defined by pip' > pj. These final 
states are the same as in WH production but with 
the addition of four jets. 

For the detector performance assumed in Sec. Ill Bl 
the background is a roughly equal mix of irreducible 
tiZ production and reducible ti + jets produc- 
tion. The dominant reducible background is ti(— > 
Iwvlvbb) + 3 jets, where one jet is misreconstructed 
as a Th, and I is identified as either Th or r; . The gen- 
eration of ti + 3 jets at tree-level is computationally 
intensive; we therefore model this background using 
the SHERPA ti + 2 jets process, with additional jets 
modelled by the SHERPA parton-showering algorithm. 

Since the reducible background consists of ti+ jets, 
the sensitivity depends predominantly on tau identi- 
fication and the broadly peaking visible mass distri- 
bution of the tau-lepton pair. The irreducible tiZ 
background is suppressed by requiring opposite-sign 
same-flavor IwTi pairs to have an invariant mass out- 
side the 75 — 105 GeV peak of resonant Z-boson pro- 
duction. Other selection requirements are p 1 ^ > 25 
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Selection 


N ZH 


N b ZH 


N s ZH /^/N z » 


Opposite-charge ThTh and Izlz', 








highest (lowest) p 1 ^ > 25 (15) GeV; p T T h > 25 GeV 


32 


193 


2.3 


Collinear mass solution 


26 


144 


2.1 


Opposite-charge ThT and Izlz; 








highest (lowest) > 25 (15) GeV; p T T hin) > 25 (15) GeV 


36 


266 


2.2 


Collinear mass solution 


30 


188 


2.2 



TABLE VII: The numbers of ZH signal and background events passing each set of requirements, for an integrated 
luminosity of 100 fb _1 and Higgs boson mass of 125 GeV. Also shown is the signal over the square root of background, 
a measure of the statistical sensitivity to the signal. Additional sensitivity is gained from a fit to the collinear mass 
distribution. 



Process Number of events m H (GeV) Channel Nt tH N\ tH /y/Nl 

11) Z tt) 305 115 ti+T h Ti 47 4.8 

->• U) + 2 jets 25 it + T h r h 17 2.7 



Z/t*(-» 
Z/ 7 *( 

tt{-> Ivlvbb) 2 



Total 332 



TABLE VIII: The contribution of each background to the 
ZH final state for an integrated luminosity of 100 fb~ . 



run (GeV) N S ZH N ZH /^Nj 



115 


77 


4.2 


120 


71 


3.9 


125 


56 


3.1 


130 


45 


2.4 


135 


33 


1.8 



TABLE IX: The number of ZH signal events for ran in 
the range 115-135 GeV, and the statistical significance of 
the excess of signal events over background in 100 fb _1 
of integrated luminosity. 



Process 


tt + ThT 


tt + ThTh 




channel 


channel 


tt(-> Ivlvbb) + 3 jets 


52 


20 


tt(— ¥ Ivqqbb) + Z/"f*(— > ee/^n) 


32 


2 


tF(-> Ivqqbb) + Z/j*(-> tt) 


13 


5 


ti(— > Ivqqbb) + 2 jets 


2 


15 


Total 


99 


42 



TABLE X: The contribution of each background to the 
tiH final states for an integrated luminosity of 100 fb _1 . 



GeV, Vt ,Ti > 15 GeV, = ±1, and at least 4 

jets. 

Figure [3] shows the mass distribution of opposite- 
sign same-flavor IwTi pairs and the visible mass dis- 



120 


tt + T h Tl 


47 


4.8 




tt + T h T h 


16 


2.5 


125 


tt + ThTl 


37 


3.7 




tt + T h Th 


14 


2.1 


130 


tt + ThT 


30 


3.0 




tt + ThTh 


11 


1.7 


135 


tt + ThT 


22 


2.2 




tt + T h T h 


7 


1.1 



TABLE XI: The number of ttH signal events in each chan- 
nel for mH in the range 115-135 GeV, and the statistical 
significance of the excess of signal events over background 
in 100 fb _1 of integrated luminosity. The ti pair is se- 
lected in the Iwvqqbb final state. 



tributions of the tau-lepton pairs in the two decay 
channels tt + Thntt + ThTh- Tables [X] and [XI] respec- 
tively show the contribution of each background and 
the dependence of the signal yield on m# after all 
selection for both channels. With basic object selec- 
tion, reasonable sensitivity to ttH production can be 
obtained if tau leptons are identified with a similar 
efficiency and jet rejection rate to that achieved by 
ATLAS and CMS with ^Jl = 7 TeV LHC data. 



IV. RESULTS 

e determine the expected sensitivity to the cross 
section of a given process using pseudoexperiments 
[TBj . In each pseudoexperiment, data are produced 
according to a Poisson distribution in each bin of 
the relevant mass-based fit distribution, where the 
mean of the Poisson is equal to the combined signal 
and background in that bin. The number of signal 
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FIG. 3: The m(lw"ri) (top), m{TuTi) (middle), and 
in{ThTh) distributions after all selection requirements (ex- 
cept for the requirement on m(lwTi) for the m(lwTi) dis- 
tribution). The selected m(lwTi) regions are below and 
above the arrows in the m(lwTi) plot. Shown are the ttH 
signal (dashed line) and the following backgrounds: tt + 3 
jets (tilted-lined region), tt + Z (tilted-hatched region), 
and tt +2 jets (vertical-lined region) production. 



m H (GeV) VH ttH 



115 


10% 


19% 


120 


12% 


22% 


130 


17% 


34% 



TABLE XII: The assumed relative uncertainties on 
V(H — ► bb) and tt(H — > bb) 9] cross section measure- 
ments in data corresponding to 100 fb _1 of integrated 
luminosity. 

events is determined by minimizing the negative log 
likelihood of the fit distribution. This procedure is 
performed for 10 4 pseudoexperiments for each pro- 
cess, and the uncertainty is taken to be the root-mean 
square of the resulting signal-yield distribution. The 
relative statistical uncertainties on a x BR of the sig- 
nal processes are shown in Fig. [4] 

The cross section of a given signal process includes 
the product of partial widths for the production and 
decay vertices of the Higgs boson. Individual par- 
tial widths can be determined by taking cross-section 
ratios, providing direct access to the individual cou- 
plings of the Higgs boson to SM particles. We ex- 
pect this procedure to provide the additional benefit 
of cancelling many experimental uncertainties. From 
the ratios of cross section measurements studied in 
this paper, and from the expected uncertainties on 
the measurements of associated Higgs production in 
its decays to bottom quarks (Table IXIII) , we obtain 
the expected sensitivity to partial width ratios shown 
in Fig. [5] 



V. CONCLUSIONS 

With the recent discovery of a resonance with cross 
sections consistent with that of the SM Higgs boson, 
tests of the specific SM predictions of the Higgs bo- 
son couplings are a high priority. A Higgs boson with 
a mass of 125 GeV can be measured in a wealth of 
production and decay channels. We have performed 
a detailed study of channels that have not been inves- 
tigated in this context, or that have not been consid- 
ered promising because of the expected large jet-to- r 
background. Assuming the experiments can achieve 
similar tau reconstruction performance in ^fs = 14 
TeV data as they have in y/s — 7 TeV data, each ex- 
periment can measure the cross sections of WH and 
ttH production in the H — > tt decay channels to 
ps 20% precision with 100 fb _1 of integrated luminos- 
ity. Additionally, with achievable ^> T reconstruction, 
a measurement of ZH production with an accuracy 
of ps 25% is possible with the same luminosity. With 
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FIG. 4: The expected relative statistical uncertainties on a x BR of VH (left, V — W, Z) and ttH (right) production 
for the nominal (top) and optimistic (bottom) tau identification performance scenarios. 



more data the sensitivity to ZH and ttH production 
should improve, while sensitivity to WH production 
is unlikely to improve significantly due to systematic 
uncertainties on the background. If the assumed r 
identification efficiency or $ T resolution cannot be 
achieved, targeted background rejection through e.g. 
a multivariate analysis or improved mass reconstruc- 
tion could compensate. Including additional decays 
of the tau leptons or top quarks would also improve 
sensitivity. By combining the associated production 
measurements in H — > rr decays with measurements 



of the same production mechanisms in H — > bb de- 
cays [8l-[i"c| , a precision of w 20% on the ratio of par- 
tial widths T T /Tb is achievable. We expect associated 
Higgs production with H — > tt to provide an im- 
portant contribution to Higgs coupling measurements 
with 100 fb _1 of integrated luminosity at yfs = 14 
TeV. 
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